ABSTRACT In this study, our aim is to demonstrate the applicability of the collocation spectral method (CSM) to solve the nonlinear heat transfer problem in a convective-radiative fin. In this fin, temperature dependent internal heat transfer, thermal conductivity, heat transfer coefficient and surface emissivity are considered. The spatial profile of fin temperature is discretized with spectral collocation points and Chebyshev polynomials. Accordingly, the differential form of the energy equation is transformed to a matrix form of algebraic equation. To validate the CSM model, results are compared with the analytical solution in literature. It is found that the CSM is a very simple and effective approach for a rapid assessment of nonlinear physical problems, and the node convergence rate of the CSM approximately follows an exponential law. In addition, effects of thermal conductivity, heat transfer coefficient, surface emissivity, convection-conduction parameter, radiation-conduction parameter, and dimensionless ambient temperature on the fin temperature and the fin efficiency are comprehensively analyzed.
INTRODUCTION
Rapid removal of heat generated in electronic components/equipment is required with improvement of performance to avoid overheating and to increase lifetime. Fin is an effective instrument used to enhance heat transfer from a heated surface to environment [Kraus et al. 2002] . In the traditional fin heat transfer analysis, the thermal conductivity is assumed to be constant. When large temperature variation exists in a fin, however, the dependence of temperature on thermal conductivity must be considered. For instance, the thermal conductivity of AISI 302 stainless steel fin increases from at 1000 K [Bergman 2011 ]. In real applications, heat transfer coefficient is usually expressed as a power law form where its power value depends on heat transfer mode like laminar natural convection, turbulent natural convection, condensation and boiling. This phenomenon had been confirmed by the experimental results of Sertkara et al. [2011] . Further, it would be realistic to consider heat generation inside a fin as a function of temperature. Aziz [1977] gave rigorous formulation by a perturbation method, and predicted the performance of convective fins with internal heat generation. Razani and Ahmadi [1977] optimized circular fins with arbitrary heat source distribution and a nonlinear temperature-dependent thermal conductivity. Aziz and Bouaziz [2011] adopted a least-squares method to evaluate the fin efficiency of a longitudinal fin with temperature-dependent internal heat generation and thermal conductivity. Ghasemi et al. [2014] developed the differential transformation method (DTM) to solve the nonlinear temperature distribution equation in a longitudinal fin with temperature-dependent internal heat generation and thermal conductivity. Kundu and Lee [2013] used an analytical model to determine the temperature distribution in a fin with internal heat generation for both Fourier and non-Fourier heat transfer mechanisms. Simultaneously, the fin efficiency was calculated.
In the general fin heat transfer, a fin dissipates heat to environment by convection and radiation, and the convection dominates. In the case of a high temperature fin surface, however, radiation heat transfer plays a critical role. Torabi and Aziz [2012] employed the DTM to analyze the thermal performance and the fin efficiency of a T-shape cross-section. They assumed that heat was dissipated from the fin surface by both convection and radiation, and that thermal conductivity, heat transfer coefficient and surface emissivity are a function of temperature. Arslanturk [2011] used the homotopy perturbation method to evaluate temperature distribution within straight radiating fins with a step change in thickness and variable thermal conductivity. Torabi et al. [2013] used the DTM to establish the performance characterization of convective-radiative longitudinal fins of rectangular, trapezoidal and concave parabolic profiles with temperature-dependent thermal conductivity, heat transfer coefficient and surface emissivity. Recently, Saedodin and Barforoush [2014] extended the DTM to analyze the thermal processing of moving convective-radiative plates with temperature-dependent thermal conductivity, heat transfer coefficient and surface emissivity.
The collocation spectral method (CSM) is a high-order numerical method that is based on Chebyshev polynomials [Hesthaven and Ronquist 2010] . In the field of numerical simulations, lower order methods, like the finite volume method and the finite element method, can provide linear convergence rate, while the CSM can provide exponential convergence rate [Shen et al. 2011] . Due to the mathematical simplicity and high accuracy with relatively few spatial grid points necessary, the CSM is considered to be an efficient technique in science and engineering computations, such as computational fluid dynamics [Karageorghis and Phillips 1989; Li et al. 2011; Najafi et al. 2014] , electromagnetics [Zeng et al. 2014] , magneto-hydrodynamics [Yu et al. 2013; Luo et al. 2014; Abbasbandy et al. 2013] . Recently, Li and co-authors successfully developed the CSM to analyze thermal radiation heat transfer [Ma et al. 2013; Ma et al. 2014] and coupled radiation and conduction heat transfer [Li et al. 2009; Sun et al. 2012; Li et al. 2015] in a semitransparent medium.
In this research, we extend the CSM to solve the nonlinear fin heat transfer with temperaturedependent thermal conductivity, heat transfer coefficient, surface emissivity and internal heat generation. In the following, the physical model, CSM formulations and the corresponding solution procedure will be presented in Section 2. Validations in a typical case with analytical solutions in literature will be illustrated in Section 3. Effects of various significant properties and parameters are analyzed in Section 4. Finally, conclusions are summarized in Section 5.
MATHEMATICAL FORMULATIONS

Physical model and governing equation
As shown in Fig. 1 , a rectangular straight fin with thickness 2δ, length L and width W is considered. The fin surface loses heat through both convection and radiation. In this fin, the thermal conductivity λ, the heat transfer coefficient h, the surface emissivity ε and the internal heat generation q are assumed to be temperature functions by the following equations
Where, λ∞ is the thermal conductivity at the ambient flow temperature T∞, α is coefficient of thermal conductivity; ε∞ is the surface emissivity at the ambient flow temperature T∞, β is coefficient of surface emissivity; b h is the heat transfer coefficient at the temperature difference between fin base surface and ambient flow Tb-T∞, m is variable parameter of heat transfer coefficient which depends on the model of convection heat transfer. For example, m=0 and m=2 are for forced convection and nucleate boiling, respectively. Suppose the temperature of the fin-base surface is Tb, the ambient flow temperature is T∞. The radiation heat exchange between the fin and the fin base is neglected. 
where the dimensionless variables are defined as following
The fin base is subjected to a uniform temperature, and the fin-tip is assumed adiabatic. Then, the dimensionless boundary conditions for Eq. (5) can be written as
Numerically, Eq. (5) 
where 1 m , 2 m , 3 m and 4 m are adjustment parameters, and these values of adjustment parameters are subjected to convection-conduction parameter, radiation-conduction parameter and internal heat generation coefficient.
By solving Eq. (8), we can obtain the distribution of temperature in the fin, and the value of temperature depends on ten parameters, namely, thermal conductivity coefficient α, parameter of heat transfer coefficient m, surface emissivity coefficient β, convection-conduction parameter Ncc, radiation-conduction parameter Nrc, dimensionless ambient temperature Θ∞, and four dimensionless coefficients of internal heat generation Ci.
The dimensionless fin heat transfer rate Qf is computed by integrating the convective and radiative heat losses from the surface of the fin, and can be expressed as
The dimensionless ideal fin heat transfer rate Qideal is obtained if the entire fin is maintained at the
The fin efficiency is defined as the ratio of the fin heat transfer rate Qf to the ideal fin heat transfer rate Qideal
Collocation spectral method
In the theory of the CSM, the spatial domain of the energy equation is discretized by one of spectral collocation points [14] for non-periodic problems
where N is the total collocation points in the spatial domain.
The CGL collocation points take values in the interval   1 , 1  . To meet the requirements of the CGL collocation points, a transformation should be used to map any arbitrary interval (
Similar to the treatment in Ref. [14] , the independent variable in the energy equation (Eq. (7) 
where
Substituting Eq. (14) into Eq. (8), one can obtain the matrix form of the spectral discretized algebraic equation
where the element expressions of matrices B and F are as follows 
where the matrices Fig. 2 shows the flow chart of the CSM for solving the nonlinear energy equation of the fin with temperature-dependent thermal conductivity, heat transfer coefficient and internal heat generation. It can be described briefly as follows. Step 2: Make an initial guess for dimensionless temperature *  .
Solution Procedure
Step 3: Assemble the spectral coefficient matrices B and F through Eqs. (18) and (19).
Step 4: Impose the Dirichlet and the Neumann boundary conditions, assemble spectral coefficient matrices B and F by Eqs. (22) and (23).
Step 5: Directly solve the matrix form of algebraic equation (21) to get the new dimensionless temperature  .
Step 6: Terminate the iteration if the maximum relative difference between two consecutive iterations for dimensionless temperature is less than the convergence criterion. Otherwise, go back to step 3.
Step 7: Calculate the fin efficiency by Eq. (24).
VALIDATION OF THE SCM SOLUTION
Firstly, a special case with analytical solution is considered to validate the above CSM model. In this case, the thermal conductivity and heat transfer coefficient are assumed to be constant, radiative heat transfer and internal heat generation are omitted, and the ambient temperature is assumed to be zero. Thus, the energy equation (Eq. (5) 
Then, the analytic solution of Eq. (26) . In Fig.  3(b) , the dimensionless temperature distribution by CSM has been validated against those available in literature [Sadri et al. 2012] . In this case, dimensionless variables are 0.25 Obviously, one can see that the CSM can provide very high accuracy and the decrease of maximum relative errors approximately follows the exponential law. As shown in Fig. 4 for Ncc=5 when the total number of collocation points is N=15. Moreover, there is no obvious decrease in maximum relative error when further increasing the total number of collocation points. A similar trend is also observed for other convectionconduction parameters. Therefore, considering the economy and accuracy, N=15 is used for spatial discretization in the following simulations. 
RESULTS AND DISCUSSION
The effect of temperature-dependent thermal conductivity
In Fig , the thermal conductivity in the fin is proportional to the dimensionless temperature, and the conduction heat transfer is enhanced. For 0.2
 
, the phenomenon is just on the contrary. Again, the dimensionless temperature gets higher when the internal heat generation increases in the fin. The variation of internal heat generation has more obvious impact on the dimensionless temperature at the fin tip. Figs. 6(a) and 6(b) illustrate effects of convection-conduction parameter and radiation-conduction parameter together with variable thermal conductivity on the fin efficiency, respectively. As shown in Fig. 6(a) , the fin efficiency decreases as the convection-conduction parameter increases and as coefficient of variable thermal conductivity decreases. To explain this phenomenon, it is noted that the convection-conduction parameter is the ratio of convection heat loss from the fin surface to conduction heat transfer in the fin. As cc N increases, it attributes to more convection heat loss from the fin surface, and results in a decrease in the fin efficiency. The increasing of coefficient of thermal conductivity can enhance conduction heat transfer and increase the dimensionless temperature, and consequently reduce the fin efficiency. Similarly as seen in Fig. 6(b) , increasing of radiation-conduction parameter and decreasing of coefficient of thermal conductivity can decrease the fin efficiency. Moreover, compared with the decreasing trend in Fig. 6(a) , this trend in Fig. 6(b) is more obvious. The reason is that, radiation heat loss plays more obvious impact on the fin efficiency, because radiation heat loss is proportional to the fourth power of temperature difference between radiation sink temperature and surface temperature. h , this will result in the reduction of convection heat loss. Fig. 7 also shows that the dimensionless temperature distribution is strongly dependent upon dimensionless internal heat generation parameters. It is observed that the dimensionless temperature gets higher when internal heat generation goes up. Fig. 8(a) shows the effects of convection-conduction parameter and parameter of heat transfer coefficient on the fin efficiency. It is seen that for constant heat transfer coefficient ( 0 m  ), the fin efficiency decreases as convection-conduction parameter increases; however, an opposite trend is found for the case of variable heat transfer coefficient ( 2 m  ). According to Eq. (6), the increase in convection-conduction parameter would be due to the increase in b h for 0 m  , and consequently the fin efficiency reduces. For 2 m  , the increase of convection-conduction parameter may be due to the increase of fin-base temperature. According to Eq. (10), the fin efficiency increases as the increasing of fin-base temperature. Compared with the fin heat transfer without internal heat generation, the fin heat transfer with internal heat generation exhibits a higher fin efficiency. As explained in Fig. 7 , the internal heat generation can increase the dimensionless temperature distribution, and enhance the fin efficiency.
Similarly, Fig. 8(b) illustrates effects of radiation-conduction parameter and parameter of heat transfer coefficient on the fin efficiency. As shown in Fig. 8(b) , for both constant heat transfer coefficient and variable heat transfer coefficient, the fin efficiency decreases with the increasing of radiation-conduction parameter. Compared with the case of constant heat transfer coefficient ( 0 m  ), the fin heat transfer with temperature-dependent coefficient ( 2 m  ) is more efficient. It should be pointed out that for the case of internal heat generation, the dimensionless temperature maybe exceeds 1 when the parameter of heat transfer coefficient is chosen as 2 m  . That is due to the existence of internal heat generation and low average value of heat transfer coefficient. Fig. 9 depicts the effect of emissivity coefficient on the dimensionless temperature distribution in the fin. The curves with β>0 means that the surface emissivity increases as dimensionless temperature increases from T∞ to Tb. The converse is true of curves with β<0. As β decreases from 0.2 to -0.2, the average surface emissivity decreases and so does the radiation heat loss from the surface of the fin. Therefore, the dimensionless temperature distribution in the fin decreases. Also, because of decreased radiative heat loss, the magnitude of the dimensionless temperature gradient at the base, which is a measure of the fin heat transfer rate, must decrease as β decreases. , 0 m  and Θ∞=0.5. We can see that for a constant rc N , variable cc N imposes a significant effect on the dimensionless temperature distribution, and for a given cc N , rc N also exerts a major effect on the dimensionless temperature distribution. cc N is defined to be the ratio of convection heat loss from the fin surface to conduction heat transfer in the fin. Similarly, rc N is defined as the 14 ratio of radiation heat loss from the fin surface to conduction heat transfer in the fin. As the cc N increases, it leads to more heat loss from the fin surface. Hence, the dimensionless temperature distribution becomes steeper from left to right. Figs. 10 and 11 also demonstrate that internal heat generation can increase the dimensionless temperature in the fin. Furthermore, comparing Figs. 10 and 11, one can see that rc N imposes more obvious effect on the dimensionless temperature distribution than cc N does. Fig. 12 illustrates the effect of dimensionless ambient flow temperature on the dimensionless temperature distribution in the fin. As the dimensionless ambient flow temperature increases, radiation and convection heat loss decreases, and consequently the dimensionless temperature increases. Figs. 13(a) and (b) also display the effects of convection-conduction parameter and radiationconduction parameter together with dimensionless ambient flow temperature on the fin efficiency, respectively. As shown in Fig. 13(a) , the fin efficiency slightly increases as dimensionless ambient flow temperature increases. However, one can find that in Fig. 13(b) , the fin efficiency is independent of dimensionless ambient flow temperature. It means that for the same value of radiation-conduction parameter, the effect of dimensionless ambient flow temperature in the fin efficiency is negligible. (a) (b) Fig. 13 . Effects of radiation sink temperature and international heat generation on the fin efficiency.
The effect of temperature-dependent surface emissivity
The effects of dimensionless ambient flow temperature
(a) vs convection-conduction parameter, (b) vs radiation-conduction parameter.
CONCLUSIONS
In this study, nonlinear heat transfer in a straight fin with temperature-dependent thermal conductivity, heat transfer coefficient, surface emissivity and internal heat generation is analyzed by the CSM. The governing equation is expressed in a non-dimensional form. Effects of significant properties and parameters, i.e., variable thermal conductivity, variable heat transfer coefficient, variable surface emissivity, convection-conduction parameter, radiation-conduction parameter, dimensionless ambient temperature on the dimensionless temperature distribution and the fin efficiency are investigated. The CSM results are in an excellent agreement with the analytical solutions. The maximum relative errors between the CSM results and analytical solutions decay at an exponential rate as the total number of collocation points increases. Also the CSM is computational efficient and the algorithm is easily implementable. These features ensure that the CSM can be used as a powerful and efficient technique in dealing with nonlinear problems in science and engineering.
